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Abstract-We developed a new method of determining 
acoustical physical constants (elastic constant, piezoelec- 
tric constant, dielectric constant, and density) of piezoelec- 
tric materials with high accuracy. This method acquires ve- 
locities of leaky surface acoustic waves (LSAWs) excited 
on the water-loaded specimen surface, measured by line- 
focus-beam (LFB) acoustic microscopy, and bulk veloci- 
ties of longitudinal and shear waves, measured with plane- 
wave transducers replacing the LFB device in the same 
system, together with the dielectric constants and density 
measured independently, for a small number of specimens. 
For LiNbO3 and LiTaO3 crystals, we demonstrated that 
we could accurately determine the constants by choosing 
proper propagation directions of MAWS and bulk waves 
for three principal X - ,  Y - ,  and 2-cut specimens and one 
rotated Y-cut specimen [(104) plate for LiNbO3 and (012) 
plate for LiTaOs]. The accuracy is nearly the same as that 
for the constants determined only from the bulk wave ve- 
locities. 
I. INTRODUCTION 
INE-FOCUS-BEAM (LFB) acoustic microscopy [l], [a] is I A a technique for highly accurate, nondestructive, non- 
contacting quantitative measurements of the propagation 
characteristics (viz., velocity and attenuation) of leaky 
surface acoustic waves (LSAWs) propagating on a water- 
loaded specimen surface. The LFB acoustic microscopy 
system has been applied to evaluate various electronic ma- 
terials and device fabrication processes, and its usefulness 
has been successfully demonstrated [3]-[25]. It is capable 
of measuring angular dependence of the propagation char- 
acteristics of LSAWs and the two-dimensional distribution 
inspection of elastic properties on specimens. One of the 
most important applications of the LFB system is deter- 
mining the elastic constants of materials [l], [3]-[5], [15]- 
[21], [25]. The elastic constants of isotropic solid materi- 
als have been determined using longitudinal and LSAW 
velocities together, or from simultaneous measurements of 
LSAW velocities for multiple modcs [4], [15], [all. The mca- 
sured results of angular dependences of LSAWs also have 
been used to determine the elastic constants of nonpiezo- 
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electric anisotropic solid matcrials [16], [20]. In addition, 
LFB acoustic microscopy has bcen applied to determining 
the elastic constants of isotropic thin-films or nonpiezoelec- 
tric anisotropic thin-films [5], [17]-[20]. Howcver, this sys- 
tem has never been applied to determining the acoustical 
physical constants (elastic constant, piezoelectric constant, 
dielectric constant, and density) of piezoelectric materials, 
because of the complicated treatment in calculating LSAW 
propagation characteristics. 
Piezoelectric materials are widely used as substrates of 
bulk acoustic wave devices and SAW devices because of 
their piezoelectric property. Accurate values of the acous- 
tical physical constants are needed for designing thc de- 
vices, and they have usually been determined from the 
values of bulk acoustic wave velocities measured by the 
resonancc method or the pulse measurement method [as]- 
[as]. Recently, the constants also have been determined 
from the measured values of SAW velocities [29], [30]. We 
have determined, with higher accuracy, all the indcpen- 
dent acoustical physical constants of LiNb03 and LiTaOy 
single crystals, which are commercially available for SAW 
devices, by measuring bulk acoustic wave velocities, dielec- 
tric constants, and densities [31]. However, for piezoelectric 
materials with a large number of acoustical physical con- 
stants such as LiNbOs and LiTaOy, it is necessary to pre- 
pare a large number of specimens if the acoustical physical 
constants are to be determined only from the velocities of 
bulk acoustic waves. It is easy to imagine that it would be 
more convenient, especially in determining the acoustical 
physical constants of new materials, if the determination 
could be made using a smaller number of specimens by em- 
ploying velocities of both bulk acoustic waves and LSAWs 
measured with the LFB system. 
This paper reports a method of determining the acous- 
tical physical constants from LSAW velocities measured by 
LFB acoustic microscopy for LiNb0.7 and LiTaO3 single 
crystals. All the acoustical physical constants are deter- 
mined by measuring velocities of bulk acoustic waves and 
LSAWs for threc principal X - ,  Y - ,  and 2-cut specimens 
and one rotated Y-cut specimen. Theoretical and exper- 
imental discussions are presented on the accuracy of the 
physical constants determined by this method, in compar- 
ison with the accuracy of the constants determined only 
from the velocities of bulk acoustic waves. 
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11. THEORETICAL CONSIDERATIONS 
The general, theoretical treatment of LSAW propa- 
gation on a water-loaded piezoelectric specimen surface 
was described in detail by Campbell and Jones [32]. The 
LSAWs feature a complex wave number k defined as: 
IC = w / V *  = (~/VLSAW) (1+ ~ Q L S A W )  , (1) 
where w is the angular frequency, V* is the complex ve- 
locity, and VLSAW and QLSAW are the phase velocity and 
normalized attenuation factor of LSAWs. The VLSAW is, 
in general, related to the acoustical physical constants of 
piezoelectric material for an arbitrary propagation direc- 
tion having the Euler angles (A, p, 0) in the following equa- 
tion: 
where 
A11 = cF1' + ajpcl",' - P'cc,",' - pV*' 
A12 = c?; + j P  (cfi + cf;) - P'cc,"; 
A13 = cfi f j p  (c?; + C F i )  - P'Cfi 
A14 = e:, + j P  (ebl + 4 5 )  - p2eb5 
A 2 2  = c6"$ + 2jpc,Eg - p2& - pV*' 
A 23 - c56 E' f j P  (.f; f cfi) - PZcfi 
A24 = f j P  (.:4 + e$6)  - P2,/34 
A33 = c:; + 2jPcfi  - p2cf; - pV*' 
A34 = + j P  (ei3 + eb5) - P2e& 
A44 = - (E;; + 2jpeF; - ,@E:;) . 
The primed constants indicate that the constants have 
been subjected to coordinate transformation for a desired 
propagation direction. In this equation, P is the component 
of the wave number in the depth direction of the substrate 
normalized by the wave number of the surface waves in the 
propagation direction, and satisfying the boundary condi- 
tions at the interface between the water and the specimen 
surface [32]. 
The LSAW information was intensively used in the 
studies of acoustic microscopy [l], [33]. In particular, the 
development of LFB acoustic microscopy with perfect di- 
rectionality enabled us to evaluate and analyze material 
surface properties for a desired wave propagation direction 
or as a function of the propagation direction [l]. Its useful- 
ness in applications was demonstrated by comparing the 
measured results of the LSAW propagation characteris- 
tics with the numerically calculated results using the pub- 
lished acoustical physical constants for various materials, 
including anisotropy and piezoelectric property, and for 
specimens of all configurations such as semi-infinite speci- 
mens, thin-film or diffused layer specimens, and thin-plate 
specimens [l], [34], [35]. Thus, we can easily see that even 
the constants for piezoelectric materials can be determined 
through an inverse procedure using our computation pro- 
gram of the LSAW propagation characteristics. 
The acoustical physical constants of piezoelectric ma- 
terials to be determined are the elastic stiffness constant 
cE, the piezoelectric stress constant e, the dielectric con- 
stant es, and the density p. To determine these acousti- 
cal physical constants absolutely from measured values of 
LSAW velocities, it is necessary to measure the dielectric 
constants and density independently [31]. 
The complex characteristic equation of LSAWs can be 
solved using the well-known acoustic parameters of water 
(e.g., the velocity [36], dielectric constant [32] , and den- 
sity [37]) together with the measured values of the dielec- 
tric constants, density, and LSAW velocities of specimens. 
The remaining unknown parameters are the elastic con- 
stants and piezoelectric constants. If the number of se- 
lected propagation directions of LSAWs is m and the total 
of the elastic constants and dielectric constants is n, the 
relation m 2 n has to be satisfied to determine all the 
unknown parameters. 
To consider the measurement accuracy of LSAW veloci- 
ties for accurately determining the elastic and piezoelectric 
constants, we conducted simulation experiments using our 
computation program with the constants for LiNbOs and 
LiTaO3 from the literature [31]. These crystals belong to 
class 3m of the trigonal system, and each has a total of 13 
independent acoustical constants, consisting of six elastic 
stiffness constants (cfl (= c g  + 2cf6), cf2, cF3, cf4, c g ,  
and cF4), four piezoelectric stress constants (e15, e22, e31, 
and e33), two dielectric constants (efl and &), and a den- 
sity (p) .  The two dielectric constants and density are mea- 
sured independently. Therefore, the six elastic constants 
and four piezoelectric constants can be determined from 
10 measured velocity values. 
Basically, we have a choice of some rotated Y-cut plate 
specimens, in addition to three principal crystalline surface 
specimens of X-, Y-, and 2-cut plates, suitable for mea- 
surements. The specimens could be selected from the crys- 
talline surfaces specified in the American Society for Test- 
ing and Materials (ASTM) cards (No. 20-631 for LiNbOa; 
No. 29-836 for LiTaOs) [31]. We used the crystalline sur- 
faces in the ASTM cards to correct the measurement errors 
due to the inclination angles between the crystalline sur- 
faces and the specimen surfaces measured by X-ray analy- 
sis. To determine the 10 constants with high accuracy, it is 
necessary to select specimens and proper propagation di- 
rections for which these constants have large dependences 
on measured LSAW velocities. Therefore, we examined the 
LSAW velocity changes of rotated Y-cut plate specimens 
while varying each elastic and piezoelectric constant within 
the range of kl% using the values in the literature [31]. 
Two X-axis and 90"-rotated X (9O"X)-axis propagation 
directions along which the power flow angles were zero 
were taken in the calculations. Some typical results for 
LiNbOs are shown in Fig. 1 for the X-axis propagation 
direction and in Fig. 2 for the 9O"X-axis propagation di- 
rection. Circles in the figures represent the angles of crys- 
talline planes described in the ASTM cards. Thus, we se- 
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Fig. 1. The LSAW velocity changes for 1% increase and decrease 
of the published acoustical physical constants of LiNbO3 [31]. The 
LSAWs propagate in the X-axis direction. Solid line: +1%. Dotted 
line: -1%. 0: angles of the crystalline planes on ASTM card. 
lected the crystalline surface specimens and propagation 
directions for simulation in Table I for LiNbOs and in Ta- 
ble I1 for LiTaOs. Ten LSAW velocities were exactly calcu- 
lated for these combinations of specimens and propagation 
directions. We then examined the determination errors of 
each constant by changing the significant figures of the 
LSAW velocities. The results for LiNbO3 are shown in Ta- 
ble 111. It can be seen that we must measure LSAW veloci- 
ties with at least six significant figures to determine all the 
constants within 1%. At present, the measurement accu- 
racy by LFB acoustic microscopy is limited to 40.02% for 
LSAW velocities and several percentages for attenuation 
[38], so we can only use the LSAW velocities for this appli- 
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Fig. 2. The LSAW velocity changes for 1% increase and decrease 
of the published acoustical physical constants of LiNbO3 [31]. The 
LSAWs propagate in the SOOX-axis direction. Solid line: +l%. Dot- 
ted line: -1%. 0: angles of the crystalline planes on ASTM card. 
cation. It is impossible to precisely determine all of the un- 
known elastic and piezoelectric constants by this method 
using measured LSAW velocities. Thus, to improve the 
determination accuracy, we must utilize a method in com- 
bination with bulk wave velocity measurements. 
111. DETERMINATION PROCEDURE 
We next describe the procedure for determining the 
acoustical physical constants for crystals of class 3m, such 
as LiNb03 and LiTaO3. 
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TABLE I 
CRYSTALLINE SURFACE SPECIMENS AND PROPAGATION DIRECTIONS 
USED IN SIMULATION EXPERIMENTS FOR L I N B 0 3 .  
TABLE I1 
CRYSTALLINE SURFACE SPECIMENS AND PROPAGATION DIRECTIONS 
USED IN SIMULATION EXPERIMENTS FOR L I T A O ~ .  
Propagation 
Specimen direction 
(300) Y x, z 
(02lO) 58.13OY 9 o o x  
(006) z Y 
(202) 162.17OY X 
( 0 1 s )  77.48OY X, 90°X 
(104) 127.85"Y 90°X 
(306) 147.24OY X ,  90°X 
Propagation 
Specimen direction 
Y 
58.35"Y 
68.93OY 
z 
107.13"Y 
127.62OY 
147.02OY 
162.03OY 
z 
90OX 
90ox 
x, Y 
X 
9oox 
x, 90ox 
X 
In our procedure for determining the acoustical phys- 
ical constants, some of the constants are determined in 
advance using the velocities of bulk acoustic waves, whose 
relation to the acoustical physical constants is relatively 
simple, so that more accurate determination can be made 
in combination with LSAW velocities. 
For the bulk acoustic waves propagating along the crys- 
tallographic X, Y, and Z axes, the X-axis longitudinal 
velocity Vxe, the Z-axis shear velocity VZ,, and the Y-axis 
shear velocity with X-axis polarized particle displacement 
YySx can be expressed in relation to the acoustical physical 
constants by the following equations: 
pv;, = cy1. (3) 
pV,Z, = cF4> and (4) 
(5) pv;,, = CF6 = (cF1 - C?') /2.  
With these equations, c g ,  c g ,  and e& can be determined 
independently from the three measured velocities and den- 
sity. In addition, the relation between the acoustical phys- 
ical constants and the rotated Y-axis shear velocity with 
X-axis polarized particle displacement VrySx, with the ro- 
tation angle 8 about the X axis from the Y axis to the 2 
axis, is written as: 
p K y S x  2 = cF4 sin 28 + cF4 sin' 8 + c:~ cos2 8, (6) 
the constant c g  can be determined from measured KySx 
and the previously determined cF4 and cF6. For this pro- 
cedure, we select a crystalline surface of a rotated Y-cut 
plate that shows the larger cg dependence 011 the velocity 
change in x y s x  to determine cF4 with high accuracy. We 
examined the changes of X-polarized shear velocities in 
the rotated Y-axis propagation directions for both LiNbOs 
and LiTaO3 when e; was changed by &l% using the val- 
ues in the literature [31]. The calculated results are shown 
in Fig. 3. We can select specimens of a (104) (127.85' ro- 
tated Y-cut) plate for LiNbOs and a (012) (32.98' rotated 
Y-cut) plate for LiTaO3 among the crystalline planes, 
(012), (02l4), (104), and (306), that are more suitable for 
precise determination of cf4. 
For determining the remaining six constants, cF3, e&, 
e15, e'', e31, and e33, we measure longitudinal velocities 
propagating along the rotated Y-axis direction for rotated 
Y-cut plate specimens, including the Y- and Z-cut plate 
specimens. The velocities Vrye are related to the acoustical 
physical constants in the following equation: 
(7) 
The constants cF1', cpi, and c6EQ are all functions of the 
five elastic constants other than c g ,  and 8 for the rotated 
Y-cut specimen. Both ell and 4 6  are functions of the four 
piezoelectric constants and 0, and E?; is a function of the 
two dielectric constants and 8. For the Y- and Z-axis prop- 
agation, (7) is expanded as: 
where 
A = 
B = - e;' - (cE + c g )  , 
c = cf4 - c ~ i )  , 
and Vye and V& are the longitudinal velocities in the Y- 
and Z-axis propagation directions. From these equations, 
we can see that, to determine the six constants, it is nec- 
essary to select four rotated 1'-cut plate specimens, in ad- 
dition to the Y- and Z-cut specimen, for which these con- 
stants have large dependences on measured velocities. 
Here, when considering the additional use of LSAW ve- 
locities, measured by the LFB system, we conceived that 
the six constants could be determined using one rotated 
Y-cut specimen [for example, a (104) plate for LiNb03 
and a (012) plate for LiTaOy] and the three principal 
X-, Y-, and Z-cut specimens already used for determin- 
ing the other constants. As a proper propagation direc- 
tion for accurate measurements of LSAW velocities, we 
take MAWS of a pure Rayleigh mode propagating in the 
9O"X-axis direction on the rotated Y-cut specimen, for 
which A12 = A23 = A24 = 0 in (2). The relation between 
cfl + e;2 cf4 + 2 e15 e22 c~~ + 
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TABLE I11 
SIMULATED DETERMINATION ERRORS CONSIDERING TIIF, SIGNIFICANT FIGURES O F  LSAW VELOCITIES FOR LINB03, 
897 
Significant figure 
Constant 4 5 6 7 8 9 10 
0.658 0.273 0.005 0.001 0.000 0.000 0.000 
e 2  2.387 1.035 0.019 0.003 0.000 0.000 0.000 
e 3  0.234 1.286 0.014 0.004 0.000 0.000 0.000 
c x  1.673 0.422 0.013 0.002 0.000 0.000 0,000 
c g  0.825 0.478 0.004 0.002 0.000 0.000 0,000 
c44 0.154 0.027 0.001 0.000 0.000 0.000 0.000 
e15 0.761 0.080 0.002 0.001 0.000 0.000 0.000 
e22 0.931 0.279 0.003 0.000 0.000 0.000 0.000 
e31 46.185 4.447 0.484 0.118 0.002 0.001 0.000 
e33 15.612 1.364 0.124 0.028 0.000 0.000 0.000 
the LSAW velocity VLSAW measured for the rotated Y- 
cut 9O"X-propagating specimen and the acoustical physi- 
cal constants is represented in the form of (2) as: 
0 3  3 
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Fig. 3. The X-polarized shear velocity changes for 1% increase and 
decrease of the published constant cf4 [31]. Solid line: +1%. Dotted 
line: -1%. 0:  angles of the crystalline planes on ASTM card. 
A l l  A13 A14 
(10) 
A14 A34 A44 
The constants c?;, c g ,  c?;, c g  , c g  , and cF; are all func- 
tions of the five elastic constants other than &, and 0 
for the rotated Y-cut specimen; eii,  et3, ei5, ehl, ei3, and 
e$5 are fynctions of the four piezoelectric constants and 
8 ;  and E?;, and E:; are functions of the two dielectric 
constants and 0. 
Thus, the six constants are determined by selecting six 
combinations of propagation directions and wave modes 
that satisfy (7) or (10) and solving the simultaneous equa- 
tions. To choose a proper rotated Y-cut plate specimen, 
we estimated the maximum error of each of the six con- 
stants for the four rotated Y-cut plate specimens of the 
crystalline planes, (012), (02u) ,  (104), and (306) for both 
crystals using the procedure and the constants in the liter- 
ature [31] and assuming measurement errors of f 0 . 3  m/s 
in velocities of bulk waves and LSAWs, *l% in dielectric 
constant, and &0.005% in density. The results are pre- 
sented in Table IV for LiNb03 and in Table V for LiTaO3, 
in comparison with the errors [31] obtained only from the 
data of bulk wave velocities. UJe select the (104) plate for 
LiNbOy and the (012) plate for LiTaO3 as the most suit- 
able rotated Y-cut plate specimens, which minimize the 
errors for the six constants as a whole. This result is very 
acceptable, being consistent with the result obtained for 
the determination of c z .  
Following the procedure described above, all of the 
acoustical physical constants are determined using a to- 
tal of four specimens for each crystal: three principal X-,  
Y-, and 2-cut specimens and one rotated Y-cut specimen 
[(104) plate for LiNb03; (012) plate for LiTaOs]. 
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TABLE IV 
ESTIMATED DETERMINATION ERRORS FOR LINBO3. 
Specimen cF4 cF3 cF3 e15 e22 e31 e33 
(012) 32.76OY 0.31 0.87 0.40 0.58 0.65 7.09 2.66 
(0210) 58.13OY 0.31 1.04 0.18 0.60 0.66 25.83 1.80 
(104) 127.85OY 0.27 0.85 0.43 0.61 0.65 8.43 2.73 
(306) 147.24OY 0.30 0.97 0.53 0.70 0.64 17.58 3.48 
Published [31] 0.27 0.81 0.32 0.60 0.62 9.76 2.86 
Unit: %. 
TABLE V 
ESTIMATED DETERMINATION ERRORS FOR LITAO3. 
Specimen cf4 cF3 cf3 e15 e22 e31 e33 
(012) 32.98OY 0.32 0.39 0.19 0.74 0.85 33.47 3.00 
(0210) 58.35OY 0.33 0.91 0.21 0.83 0.86 77.34 3.31 
(104) 127.62OY 0.32 0.52 0.27 0.88 0.88 31.25 3.69 
(306) 147.02OY 0.34 0.73 0.33 0.96 0.86 61.39 4.74 
Published [31] 0.33 0.80 0.41 0.84 0.82 46.21 6.38 
Unit: %. 
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Fig. 4. Experimental arrangement for bulk ultrasonic velocity mea- 
surements by the pulse interference method. 
IV. MEASURING METHODS 
We measured the velocities of bulk acoustic waves by 
the bulk ultrasonic pulse interference method [39], using 
radio-frequency (RF) tone burst signals. Fig. 4 shows the 
experimental arrangement of the velocity measurements. 
Two types of ultrasonic devices were prepared with 
different transducers on one end of the buffer rods of 
synthetic silica (Si02) glass: a ZnO thin-film piezoelec- 
tric transducer was fabricated for the longitudinal veloc- 
ity measurements, and an X-cut LiNbOs transducer for 
the shear velocity measurements. As the coupling materi- 
Fig. 5. Frequency characteristics of interference output for a Z-cut 
LiNbO3 specimen in longitudinal wave velocity measurement by the 
pulse interference method. The specimen thickness is 4029.5 pm. 
als, pure water was inserted in the gap between the buffer 
rod and the specimen for the longitudinal wave measure- 
ments, and a thin layer of salol (phenyl salicylate) was 
used to bond the rod to the specimen for the shear wave 
measurements. Ultrasonic waves, into which electrical RF 
pulse signals are converted by the transducer, propagate 
through the rod, couplant, and specimen, transmitting or 
reflecting at each boundary. The signals reflected from the 
front surface of the specimen VI ,  and the back surface V2 
are superposed in the time domain by the double-pulse 
method. By sweeping the frequency, we obtained the typ- 
ical interference wave form shown in Fig. 5. The velocity 
of the bulk acoustic waves V is determined from the fre- 
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Fig. 6. Cross section of the experimental setup of the LFB ultrasonic 
device and specimen system for V(z) curve measurements. 
quency interval of the wave form A f and the thickness of 
the specimen h, using the following equation: 
V = 2Afh. (11) 
The thickness of the specimen is measured by a digital 
length gauging system with an accuracy of fO.l pm. In 
these measurements, thc measurement accuracy of the 
bulk wave velocitics depends mainly on the measurement 
accuracy of the specimen thickness (five significant fig- 
ures). In the shear velocity measurements, the influence 
of the phase shifts in the bonding layer on the acoustic 
velocity is compensated. 
We measured the velocities of LSAWs with the LFB ul- 
trasonic material characterization (UMC) system [ a ] .  The 
LFB-UMC system measures the propagation characteris- 
tics of LSAWs propagating on the water-loaded specimen 
surface through thc analysis of V(z) curves, which are the 
transducer outputs recorded with the relative distance z 
between the LFB ultrasonic device and the specimen [l]. 
Fig. 6 is a cross-sectional geometry of the acoustic device 
and the specimen, showing the construction mechanism of 
the V(z) curves. The ultrasonic device consists of a ZriO 
thin-film piezoelectric transducer fabricated on the top end 
of a 2-cut sapphire rod with a cylindrical concave surface 
at the bottom. Components #O and #I in Fig. 6 interfere 
when z is changed, and an interference waveform called 
the V(z) curve as seen in Fig. 7 is obtained. From the os- 
cillation interval of this waveform Az, the LSAW velocity 
VLSAW is given by the following equation: 
where V, is the longitudinal velocity in water [36], and 
f is the ultrasonic frequency. There is a serious problem 
concerning the LSAW velocities measured by the LFB- 
UMC system: different LSAW velocities are obtained for 
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4 
w 
U 
-30 
t 
f =  225 MHz 
1 1 1 1 1 1 1 1 1 ~ 1 1  
-500 -400 -300 -200 -100 0 
DISTANCE z [pm] 
Fig. 7. Typical V(z) curve obtained for a 128OYX-LiNb03 specimen. 
thc same specimen, if the measurements are made with 
different LFB systems or devices. For this reason, mea- 
sured LSAW velocity values were calibrated, using the 
(1 11) Gadolinium Gallium Garnet (GGG) standard spec- 
imen, whose elastic constants and density were precisely 
measured [38]. 
We obtained the dielectric constants by measuring the 
capacitance of a plate with full clectrodes fabricated with 
thin metal films evaporated on both surfaces of a specimen. 
The dielectric constant at constant stress is measured 
with high accuracy by setting the ultrasonic frequency suf- 
ficiently lower than the lowest resonance frequency. The 
dielectric constant at constant strain E' is then obtained 
by calculation using the following equation [26]: 
(13) 
where sE is the elastic compliance constant and is ex- 
pressed as sE = (@-'.  
The density is measured based on the Archimedes 
method [40]. 
V. RESULTS 
The results of the velocities measured for LiNbOs and 
LiTaO3 crystals are given in Tables VI and VII. The fre- 
quencies used in the measurements were around 150 MHz 
for longitudinal waves, and around 100 MHz for shear 
waves. The LSAW velocities were measured at 225 MHz. 
Table VI11 presents the measured results of the dielectric 
constants at  constant stress and densities. The dielectric 
constants were measured at around I O  kHz. All of the 
measurements were carried out at  temperatures around 
23.0"C. 
Tables IX and X show the acoustical physical constants 
of LiNbOy and LiTaO3 determined from the measured val- 
ues by the least-squares method, along with the constants 
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TABLE VI 
hIEASURED VELOCITIES OF LINE03 SPECIMENS USED FOR DETERMINATION. 
Mode Method Specimen Velocity (m/s) 
Pulse (110) X 6544.53 % 0.30 
Longitudinal interference (300) Y 6806.55 f 0.26 
wave method (006) Z 7328.20 % 0.32 
(104) 127.85OY 7158.99 f 0.31 
Pulse (300) Y 3940.49 % 0.21 
Shear wave interference (006) Z 3590.41 f 0.23 
method (104) 127.85OY 3499.94 f 0.21 
LFB (300) Y-cut 2-prop. 3444.78 f 0.69 
LSAW acoustic (006) 2-cut Y-prop. 3877.06 f 0.78 
microscopy (104) 127.85OY-cut 
SOOX-prop. 3666.31 f 0.73 
TABLE VI1 
MEASURED VELOCITIES OF L I T A O ~  SPECIMENS USED FOR DETERMINATION. 
Mode Method Specimen Velocity (m/s) 
Pulse 
Longitudinal interference 
wave method 
Pulse 
method 
Shear wave interference 
LFB 
microscopy 
LSAW acoustic 
X 
Y 
2 
32.98OY 
Y 
z 
32.98OY 
Y-cut 2-prop. 
Z-cut Y-prop. 
90OX-prop. 
32.98O Y-cu~  
5589.17 f 0.25 
5746.11 & 0.25 
6174.94 f 0.35 
6332.93 4z 0.35 
3536.56 * 0.18 
3573.30 i 0.29 
3358.34 i 0.20 
3230.03 f 0.65 
3318.77 % 0.66 
3136.53 4z 0.63 
TABLE VI11 
MEASURED IELECTRIC ONSTANTS AND DENSITIES FOR LINB03 AND LITAO3 SINGLE CRYSTALS. 
LiNbO3 LiTaO3 
83.3 53.0 
&T,/Eo f 0.8 ?r 0.5 
Dielectric 
constant 
28.5 43.4 
f 0.3 0.4 
E 2 . 0  
Density (kg/m3) p 4642.8 7460.4 * 0.2 f 0.4 
published in the literature [31]. The errors in the deter- 
mined constants were obtained in the same way as the Val- 
ues in the literature [31], taking errors of *0.3 m/s for the 
longitudinal and shear velocities, 10 .8  m/s for the LSAW 
velocities, +1% for the dielectric constants, and zt0.005% 
for the densities. The estimated errors for the constants, 
cpl, &, cP4, cF4, and p, are exactly the same as those 
and e33 of LiTaO3 are slightly larger. The errors for E' 
increased with the additional calculation using (13), re- 
sulting in a significant change in &f3 for LiTaOs. 
VI. DISCUSSION 
previously published; and those for all other constants of 
LiNb03 and those for 
To evaluate the accuracy of the determined constants, 
we compared the longitudinal velocity values calculated Other constants except 
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TABLE IX 
ACOIJSTICAL PHYSICAL CONSTANTS OF L I N B O ~ .  
Determined Published [31] Difference 
Elastic constant 
(x lOl l  N/m2) 
Piezoelectric 
constant (C/m2) 
Dielectric 
constant 
Density (kg/m3) 
1.9886 
f 0.0003 
0.5467 
f 0.0004 
0.6726 
f 0.0093 
0.0783 
f 0.0002 
2.3370 
f 0.0152 
0.5985 
f 0.0001 
3.658 
i 0.025 
2.406 
i 0.016 
0.373 
i 0.049 
1.923 
4z 0.083 
44.9 
f 0.6 
26.7 
f 0.5 
4642.8 
f 0.2 
1.9886 
f 0.0003 
0.5467 
f 0.0004 
0.6799 
f 0.0055 
0.0783 
f 0.0002 
2.3418 
f 0.0075 
0.5985 
f 0.0001 
3.655 
f 0.022 
2.407 
f 0.015 
0.328 
f 0.032 
1.894 
f 0.054 
44.9 
f 0.4 
26.7 
& 0.3 
4642.8 
f 0.2 
-0.0073 
(-1.07%) 
-0.0048 
(-0.20%) 
+0.003 
(+0.08%) 
-0.001 
(-0.04%) 
+0.045 
(+14%) 
+0.029 
(+1.5%) 
TABLE X 
ACOUSTICAL PHYSICAL CONSTANTS OF LITAO3. 
Dctermined Published [31] Difference 
Elastic constant 
(x lOl l  N/m2) 
Piezoelectric 
constant (C/m2) 
Dielectric 
constant 
Density (kg/m3) 
2.3305 * 0.0004 
0.4644 
f 0.0006 
0.8358 
4~ 0.0063 
i 0.0004 
2.7414 
f 0.0104 
0.9526 
i 0.0002 
2.628 
f 0.027 
1.833 
f 0.017 
-0.188 
f 0.075 
1.941 
f 0.106 
41.9 
5 0.5 
41.2 * 0.7 
7460.4 
-0.1067 
2.3305 
?c 0.0004 
0.4644 
f 0.0006 
0.8346 
f 0.0067 
3Z 0.0004 
2.7522 
f 0.0114 
0.9526 
3Z 0.0002 
2.628 
f 0.022 
1.831 
f 0.015 
f 0.067 
1.849 
f 0.118 
41.9 
f 0.4 
41.8 
f 0.4 
7460.4 
-0.1075 
-0.145 
f0.0012 
(+0.14%) 
+0.0008 
(-0.74%) 
-0.0108 
(-0.39%) 
0.000 
f0.002 
-0.043 
(0.00%) 
(+O. 11%) 
(+30%) 
+0.092 
(+5.0%) 
f 0.4 f 0.4 
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TABLE XI 
MEASURED AND CALCULATED LONGITUDINAL WAVE VELOCITIES FOR LINB03. 
Specimen Measured (rri/s) Calculated (m/s) Differcnce (m/s) 
(042) 9.14OY 6998.21 7000.75 +2.54 
(0210) 58.13OY 7314.62 7317.24 +2.62 
(018) 68.77OY 7305.47 7306.63 +1.16 
(0114) 77.48OY 7315.95 7316.41 +0.46 
(1010) 107.27OY 7298.94 7299.17 +0.23 
(012) 32.76OY 7338.65 7343.00 f4.35 
(306) 147.24'Y 6855.49 6854.16 -1.33 
(202) 162.17OY 6656.29 6653.95 -2.34 
+0.19 (223) 15.57OX 6714.03 
(113) 29.13OX 6970.74 6971.99 +1.25 
(116) 48.10OX 7206.55 7207.82 +1.27 
+0.32 (1112) 65.84OX 7286.28 
(410) 100.89O X (2) 6738.03 6738.77 +0.74 
6714.22 
(229) 39.89OX 7128.89 7130.09 +1.20 
7286.60 
TABLE XI1 
MEASURED AND CALCULATED LONGITUDINAL WAVE VELOCI'I'IES FOR L I T A o 3 .  
Specimen Measured (m/s) Calculated (m/s) Difference (m/s) 
9.21OY 
58.35OY 
68.93OY 
107.13OY 
127.62OY 
147.02OY 
162.03OY 
29.33OX 
48.34OX 
59.32OX 
66.02OX 
100.89O X (2) 
5965.66 
6289.55 
6226.76 
6 174.73 
6058.13 
5752.84 
5543.54 
5995.42 
6179.72 
6204.09 
6201.17 
5705.21 
5964.58 
6292.96 
6229.14 
61 75.87 
6059.90 
5753.44 
5544.39 
5994.71 
6181.03 
6205.91 
6202.85 
5704.91 
-1.08 
+3.41 
f2.38 
+1.14 
+1.77 
+0.60 
+0.85 
+1.31 
+1.82 
+1.68 
-0.71 
-0.30 
using the determined constants with the velocity values 
measured for other crystalline-surface specimens cut out 
from the same ingots but not used for the determination. 
The results for LiNbO3 and LiTaO3 crystals are given in 
Tables XI and XII. For the constants [31] determined only 
from the velocities of bulk acoustic waves, the measured 
longitudinal velocities were in excellent agreement with 
the calculated values with differences of within 1.0 m/s for 
both crystals as reported in the literature [31]. However, 
the values calculated with the constants determined herc 
differ from the measured values by 4.4 m/s for LiNbOs and 
3.4 m/s for LiTaOs at the maximum. We also compared 
the measured and calculated values of the LSAW velocity 
for the rotated Y-cut 9O"X-propagating specimens. The 
results for LiNbOy and LiTaOy crystals are given in Ta- 
bles XI11 and XIV. Although the maximum differences be- 
tween the measured and calculated values of the constants 
in the literature [31], which are determined only from the 
bulk wave velocities, were 3.7 m/s for LiNbOy and 2.7 m/s 
for LiTaOy , thosc using the constants determined here are 
3.0 m/s for LiNbOs and 2.1 m/s for LiTaOs. From these 
findings, it is seen that the constants determined in this pa- 
per give slightly larger differences between the measured 
and calculated values for the longitudinal velocities and 
slightly lesser differences for the LSAW velocities, com- 
pared with the constants determined only from the veloc- 
ities of bulk acoustic waves. This is probably because the 
measurement errors of LSAW velocity are about f0.8 rn / s  
(f0.02%) [38], larger than those of the bulk acoustic waves, 
about f 0 . 3  m/s (f0.005 - 0.01%) [31]. 
From the discussion of Tables IV and V, we can easily 
see that the errors in the determined constants decrease as 
the crrors in the LSAW velocities decrease. If LSAW veloc- 
ities were measured with an accuracy of f0 .15  to f 0 . 3  m/s 
(approximately f0.005% to z t O . O l % ) ,  it would be possible 
to determine the constants with accuracies similar to or 
better than those in the literature [31]. 
VII. CONCLUSIONS 
In this paper, we developed a method of determining 
the acoustical physical constants of LiNbO3 and LiTaOy 
single crystals by taking the velocities of LSAWs, measured 
by the LFB acoustic microscopy system, together with the 
bulk wave velocities. This method's great advantage is that 
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TABLE XI11 
MEASURED AND CALCULATED LSAW VELOCITIES FOR ROTATED Y-CrJT 90°X-PROPAGATING LINB03. 
Specimen Measured (m/s) Calculated (m/s) Difference (m/s) 
(042) 9.14OY 3480.57 348 1.90 +1.33 
+2.04 (0210) 58.13OY 3836.77 
(0114) 77.48OY 3915.85 3912.81 -3.04 
(012) 32.76OY 3657.53 3655.87 -1.66 
3838.81 
(018) 68.77’Y 3896.22 3895.77 -0.45 
(1010) 107.27OY 3772.19 3774.31 +2.12 
(306) 147.24OY 3546.79 3548.81 +2.02 
(202) 162.17”Y 3460.00 3461.92 +1.92 
903 
TABLE XIV 
MEASURED AND CALCULATED LSAW VELOCITIES FOR ROTATED Y-CU’I’ 9oox-PROPAGATING LITAO3 
Specimen Measured (ni/s) Calculated (m/s) Difference (m/s) 
(042) 9.21OY 3190.94 
( 0 2 a )  58.35OY 3258.00 
(018) 68.93OY 3336.44 
(1010) 107.13OY 3192.74 
(104) 127.62OY 3136.37 
(306) 147.02OY 3191.65 
(202) 162.03OY 3247.07 
3191.37 +0.43 
3259.65 +1.65 
3338.32 +1.88 
3192.82 +0.08 
3189.58 -2.07 
3246.13 -0.94 
3134.72 -1.65 
it needs a smaller number of specimens, three principal 
X - ,  Y-, and 2-cut specimens and one rotated Y-cut spec- 
imen, compared to the seven specimens in the previously 
developed method [31] using only the bulk acoustic wave 
velocities. Up to the present time, the constants have been 
determined within an accuracy of 5 m/s (0.1% to 0.2%) 
for both bulk acoustic wave and LSAW velocities. This is 
mainly due to the measurement accuracy of LSAW veloc- 
ities, but more accurate determination of the acoustical 
physical constants could be possible with further improve- 
ment of absolute accuracy of the LFB acoustic microscopy 
system by developing standard specimens with higher ac- 
curacy for system calibration [41]. 
We also hope that this method can be expanded to 
become a general method for determining the acoustical 
physical constants for more anisotropic crystals by opti- 
mizing use of the essential feature of the LFB acoustic mi- 
croscopy system, i.e., the capability to measure anisotropy 
of materials as angular dependences of propagation char- 
acteristics with high accuracy. 
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